Abstract The aim of this work was to investigate the influence of different types of carbon filler on the thermal stability and flammability of rigid polyurethane foams. As a filler, multi-walled carbon nanotubes and graphite fakes were used. Scanning electron microscopy was used to observe the structure of foam and dispersion of nanofiller in polymer matrix. Thermal stability of these composites was determined by thermogravimetry analysis. Test was carried out under both nitrogen and air atmosphere. The degradation products were evaluated by thermogravimetry (TG) combined with infrared spectroscopy (TG-IR) measurements. The activation energy was measured by the Flynn-Wall-Ozawa method from the TG curves. Flammability tests like limiting oxygen index and smoke density were also measured. No significant changes in the thermal stability of the composites were observed. The activation energy of sample containing carbon filler increased. Based on TG-IR, one can notice that there were no differences in the emitted volatile products during thermal degradation. Carbon filler enhanced fire retardancy of polyurethane foam; however, graphite gives better results.
Introduction
Polyurethanes possess specific chemical structures consisting of stiff and flexible segments, whose fraction strongly influence their properties. Depending on the fraction of each segment, two types of polyurethanes, namely elastomers and plastomers, can be distinguished. As a result, they can exhibit various mechanical and physical properties; therefore, polyurethanes are widely used in industry. Rigid polyurethane foams appear to be very promising materials for the transport industry, where the reduction in elements mass is of prime importance, as the lighter vehicles will use less fuel. However, the major disadvantage of polyurethanes which prevents them being used in the automotive industry is high flammability. When ignited, they emit toxic gases like carbon monoxide, carbon dioxide and hydrogen cyanide. Recently, much emphasis has been placed on the safety regulations applicable to flame-retardant materials in relation to their toxicity and smoke products [1] .
To improve the flame resistance of rigid polyurethane foams, various types of fillers have been used, e.g. halogen compounds, alone or in conjunction with antimony trioxide. However, these traditionally used flame retardants significantly increase the mass of elements. To overcome this drawback, a new form of filler, namely nanofiller, has been proposed. Its main advantage is that even small additions can significantly improve specific properties, e.g. mechanical strength, or ensure flame retardancy without increasing the mass of elements [2] . The most commonly used nanofillers are carbon nanotubes (CNTs), which have high thermal stability both in air and in a nitrogen atmosphere; high thermal and electrical conductivity; high mechanical properties such as Young's modulus of c.a. 1.2 TPa and a tensile strength in the range of 50-200 GPa [3] .
At the same time, they possess a low density, and according to the literature data, even a small addition of CNTs to a polymer can significantly improve the strength [4] . The addition of only 5 mass% of CNTs as a filler to polymer matrix brings about 50 % increase in Young's modulus and about 17. 5 % increase in the tensile strength [5] .
CNTs are also known to improve the thermal stability of nanocomposites, which can be quantified using thermomechanical diagrams. These improvements result from the reduction in the mobility of macromolecules which is correlated with the interfacial interactions [4, 6] . By increasing the fraction of CNTs in the composite, one can observe the increase in temperature of 5 % mass loss, which gives the information about the beginning of degradation processes and its activation energy [7] .
CNTs possess a high free surface area which implies that van der Waals forces play a crucial role. As a consequence, CNTs have a strong tendency to form agglomerates and their uniform distribution in the matrix is one of the major problems when manufacturing nanocomposites with CNTs. A number of mixing methods have been developed in efforts to obtain uniform nanofiller dispersion. Unfortunately, most of these methods cause fragmentation of the nanotubes which has a major impact on the mechanical properties of the composite [3] . Another interesting carbon filler which improves thermal stability and fire retardancy is graphite [8, 9] . However, its addition can lead to a reduction in mechanical properties of the composites [1] . It was demonstrated that the addition of graphite nanoflakes to thermoplastic polyurethane could improve the thermal stability of the nanocomposites, reduce their heat release rate (HRR) and improve their flame retardance [10] .
Although there are a lot of data of the influence of both CNTs and graphite on mechanical and thermal properties of polymer-based composite, only little is known about their impact on the properties of polyurethane foams. Therefore, the aim of the reported work was to investigate the influence of two types of carbon filler, graphite and CNTs, on the thermal stability and flammability on polyurethane foams.
Experimental Materials
Polyurethane liquid system Elastoflex E3509/Iso PMDI 92140 supplied by BASF was used to produce the foams. The fillers used to improve the properties of polyurethane foams were multi-wall carbon nanotubes with an average diameter c.a. 9.5 nm, average length of 1 lm and 95 % purity supplied by Nanocyl and Graphite Blahgrafit S-7 supplied by Grafitbergbau Kaisersberg Ges.m.b.H. Four types of composite samples were prepared: containing 3 or 5 mass% graphite, and 0.05 or 0.1 mass% of CNT. Pure polyurethane foam was used as a reference sample.
Manufacture
The dispersion of CNTs in the polymer matrix was obtained using an Exakt 80 three-roll mill. In this mill, each roller goes in different direction to the previous roller. The milling parameters can be varied by changing the distance between the rollers and the rolling speed. Firstly nanotubes were added to polyol and mixed several times starting with a roller gap of 50 lm. The gap distance was subsequently reduced from 20 to 10 lm at the end of processing. Next, isocyanate was added and the components were mixed and placed in a mould. Graphite was added to polyol and isocyanate and was dispersed simply by a mechanical stirrer. Pure PU was obtained by mechanical stirring of two liquid components: polyol and isocyanate. The samples were foamed in the S.Z.T.K. TAPS company, in a metal mould under high pressure.
Characterization
The morphology of manufactured foams was analysed using scanning electron microscopy. For observations, surface of sample fracture was covered with gold. Highresolution scanning microscopy was also used to control dispersion of nanotubes in polymer matrix. Influence of filler addition on foam structure and foam growth was also investigated.
The thermal stability of the samples was determined by thermogravimetric analysis TGA Q500 TA Instruments in a nitrogen atmosphere and air. The sample mass was about 10 mg, the temperature range varied from room temperature up to 800°C and the heating rate was 10°C per minute. The degradation products formed by each type of carbon filler were evaluated by thermogravimetry combined with an infrared spectroscopy (TG-IR) measurements. In this case, sample mass was about 6 mg and the heating rate was 20°C per minute. The TG-IR technique provided information about the volatile products arising during the pyrolysis and the mechanism of thermal degradation. During the TG/FTIR experiments, spectra were repeatedly collected as interferograms and then processed to build up a Gram-Schmidt reconstruction, each point of which corresponded to the total IR absorbance of the evolved components in the spectral range 40007500 cm -1 . Consequently, the Gram-Schmidt plot was formed by averaging the intensities of all FTIR peaks over the entire spectral range [11, 12] . Thus, the total absorbance intensity of each mass loss is a function of the concentration of the evolved gases and their corresponding infrared extinction coefficients [12] . The activation energy was calculated by the Flynn-Wall-Ozawa method from the TG curves at different heating rates of 5, 10, 15 and 20°C per minute. The flammability of the samples was determined by limiting the oxygen index (LOI) measurements according to the ISO 4589 standard. Testing of the smoke was carried out in a smoke chamber (NBS Smoke Density Chamber) in accordance with UIC 564-2 appendix 13. This test measured the loss of light transmission through a collected volume of smoke produced under controlled conditions. In the sealed chamber, specimens of dimensions of 120 mm 9 100 mm 9 13 mm were exposed to a radiant heat source of 25 kW m -2 using a pilot flame. The average light intensity (E) after 4 min was determined.
Results and discussion
SEM images of fracture surfaces of composite samples are presented in Fig. 1 . For foams with either nano-or microfillers, changes in the foam structure can be observed. The size and shape of the pores are different to those observed in 'pure' polyurethane foam. In particular, on the bottom of the foams-the arrows indicate the direction of foam rise in the mould-a porosity-free region, can be observed, although the samples were all produced using the same conditions. The presence of these regions is a result of the addition of carbon fillers which slows down the crosslinking reaction in the foams. This phenomenon can be explained by the changes in the viscosity of the matrix caused by the addition of CNTs. It is well known that uniformly dispersed nanotubes have a very high free surface area, and this changes the viscosity of such mixtures [13] .
The dispersion of the particles of carbon fillers are presented in Fig. 2 . It is clearly visible that CNTs are uniformly distributed in the matrix, without agglomerates, and the individual nanotubes can be easily seen (Fig. 2a) . It should also be noted that they are well bonded with the matrix as no cracks or voids are visible. The graphite flakes are also uniformly distributed in the composite structure, as illustrated in Fig. 2b . However, voids are visible at interfaces between the graphite particles and the polyurethane matrix.
Thermal analysis
The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves for pure polyurethane (PUR) and the composites were obtained at a heating rate of 10°C min -1 . The results of the analysis are summarized in Table 1 . The onset temperature of degradation (T onset ) was determined by the intersection of the tangents of the peak with the extrapolated baseline from the first degradation peak of the TG curves [14] . The thermal decomposition of polyurethanes, in both nitrogen and air atmospheres, takes place in two stages. It is well known that the thermal degradation process of polyurethane foam is dependent on the chemical structure of polymer and the pertaining atmosphere during the investigation [15] . The thermal degradation process commences with the decomposition of the weakest bonds. The temperature at which this phenomenon begins depends on the type of the isocyanate (aromatic or aliphatic) and the alcohol from which the urethane groups were built [16] . In literature, this temperature is determined as that at which the samples suffer a mass fraction of 5 or 10 % [4, 17] . These parameters were determined from the TG curves. T onset which determines the temperature of decomposition and its character was calculated from DTG curves. T onset is the most accurate parameter for heterogeneous materials because it characterizes not only mass loss but also dynamics of degradation. T onset was evaluated for all samples. The initial decomposition of the urethane bonds occurred in the range 292-295°C for each material. The highest T onset in the nitrogen atmosphere was found for polyurethane with an addition of 0.05 mass% of nanotubes. In air, T onset was higher with increasing amounts of CNTs. In both atmospheres, T onset was lower for polyurethanes with additions of graphite ( Table 1) . As mentioned earlier, the thermal degradation process of polyurethane foams proceeds in two stages. The temperature promoting the maximum rate of each degradation stage (T max 1 and T max 2 ) was also measured in air and in nitrogen. The first stage is related to the degradation of urethane bonds, and in both atmospheres, it was observed at the same temperature. The degradation products formed during the initial stage of degradation have a major influence on the subsequent degradation of polyurethane foams. In a nitrogen atmosphere, the second stage of degradation occurred in the range of 402-412°C; however, in air it occurred between 545 and 572°C. In an air atmosphere, different degradation products are formed. For pure polyurethane and its CNT composites, new small peaks appeared in the temperature range between 370 and 500°C. They can be attributed to the degradation of additional bonds or groups in the material. Depending on the amount of CNTs, the character of these peaks on DTG curves changes. One can conclude that the temperature of second-step degradation (T max2 ) is determined by the processes occurring in this temperature range. For polyurethane containing 0.1 mass% of CNTs, the degradation products formed in first decomposition step have a major impact on the thermal stability of the rest of bond in material by increasing their degradation temperature. In the oxidative atmosphere, even a small addition of CNTs (0.1 mass%) to polyurethane composite leads to an improvement of thermal stability of bonds, whose degradation takes place in the second stage of degradation [17] . For polyurethane with graphite addition, no additional peaks on DTG curves in temperature range T max1 and T max2 were observed.
The addition of graphite results in lower temperatures for both stages of degradation and may be explained by the Fig. 3 .
It is well known that degradation reaction kinetics is strongly dependent on the additives introduced to the polymer matrix [18] [19] [20] . At a particular elevated temperature, intensive breaking of the weakest bonds in the polymer occurs. The stability of these bonds is responsible for the thermal resistance of the particular polymer [4] . Because of the high heat capacity of CNTs or graphite, their introduction to a polymer increases the thermal conductivity leading to an increase in the heat capacity of the composites and changes in the activation energy, E activation , for the initial stage of degradation [18, 21, 22] . For 'pure' polyurethane, the E activation measured at 10 % of polymer conversion was about 215 kJ mol -1 . The addition of CNTs and graphite changed this value to 260 and 265 kJ mol -1 , respectively. The activation energy of degradation of the composites was higher than for pure polyurethane; however, the character of the curves was unchanged. The increase in E activation during heating might be related with higher heat absorption process, resulting from the presence of carbon fillers. The addition of carbon fillers also reduces the mobility of macromolecules and increases the energy level needed for their thermal vibration.
The degradation process and the intensity of volatile decomposition products were analysed. The TG, DTG curves and Gram-Schmidt plots in nitrogen are presented in Figs. 4 and 5, respectively. At higher temperatures the decomposition of polyurethane is related to the rupture of weaker urethane bonds [15] . Two characteristic decomposition stages were observed. The first was related to degradation of the hard segments and the second to the soft segments [23] . Both degradation stages of pure polyurethane and its composites were characterized by a high peak as a consequence of the intensive emission of volatile products of decomposition (Fig. 5) . Additionally, at temperature between 100 and 230°C, which corresponds to the time between 5 and 12 min of the test duration, additional peaks were observed on the FTIR spectra and GramSchmidt plot. In this range, the emission of CO 2 and H 2 O occurred. Three absorption bands at 668, 2363-2323 and 3735 cm -1 , assigned to CO 2 and H 2 O, were common in all samples [12, 24, 25] .
The degradation of polyurethanes commenced at a temperature of 230°C. The maximum degradation rate for PUR, PUR/CNT and PUR/graphite occurred at the temperature of 351, 357 and 348°C, respectively. Figure 4 shows the two main ranges connected with the emission of volatile degradation products. Additionally, two peaks related to the stages in the degradation process can be observed on the DTG curves shown in Fig. 5 .
The FTIR spectra collected for maximum peaks from Gram-Schmidt graph describing individual degradation products are shown in Figs. 6 and 7. The spectra in Fig. 6 were detected at the time of about 17 min (which corresponds to temperature of 300-350°C), and those in Fig. 7 were detected at the time of about 22 min (which corresponds to temperature about 430-450°C). The most intense peak on the Gram-Schmidt graph corresponding to the initial stage of degradation was observed at the time of 17 min. The second degradation stage is a much slower process and the intensity of the evolved gases is lower (Fig. 8) .
Based on the Gram-Schmidt graph, it is clear that the incorporation of carbon fillers in polyurethane modifies the thermal degradation process and emission of volatile products to longer time. Additionally, expandable graphite brings about a decrease in the intensity of volatile degradation products.
More peaks can be observed on the spectra which are related to the second stage of degradation (Fig. 7) . Peaks in the range of 4000-3500 cm -1 are connected to the vibration of O-H stretch bond of water or vibration of the N-H stretch bond in urethra or urea groups [12, 26, 27] . Peaks at 2964 cm -1 are connected to the C-H stretch bond vibration of CH 2 and CH 3 groups. It was found that the occurrence of small bands at 1647 cm -1 corresponds to -C = N bond vibration in carbodiimide [17] . Bands in the range of 1145 and 1052 cm -1 correspond to -C-O-C-and C-O stretch bond vibration [12, 28, 29] . Peaks seen above in the range of 2300-2400 cm -1 correspond to CO2 and (2275 cm 2310 cm -1 ) correspond, respectively, to CH 3 and CH 2 groups, and peaks at CO 2 , aromatic double bond, NHC=O and esters correspond to (1596 cm -1 ), (1528 cm -1 ) and (1231 and 911 cm -1 ), respectively [29] . The results obtained indicate that the addition of carbon fillers to a polyurethane matrix has no major impact on the emission of degradation products, which can be observed on the FTIR graphs, where no significant changes can be observed and the degradation products appear to be very similar.
Flammability
The influence of the fraction of carbon fillers on the oxygen index was determined, and the results are presented in Fig. 9 . The addition of CNTs slightly increases the limiting oxygen index (LOI) parameter. However, the highest LOI was observed for composites with graphite, for which the fire resistance raises with increasing amounts of graphite. For a graphite content of 5 mass%, the LOI value is bigger than 30 %, which means that the material is inflammable according to division class given in literature data [30, 31] .
The smoke propensity was quantified by measuring the obscuration of a light beam travelling through the smoke generated in the chamber. The addition of CNTs increased average light intensity (E) after 4 min of burning (Fig. 9) , which was confirmed by the TG-FTIR curves from which the reduction in the intensity of gas production intensity can be observed. The enhancement of the fire resistance of composites containing nanotubes can be related to the formation of a layer on the surface of the polymer matrix which reduces the flammability [32, 33] . The highest increase in E was observed for the samples with graphite. Manufacture of expandable graphite is carried out by oxidation of graphite flakes in sulphuric acid, which is absorbed into the structure. The mechanism of expandable graphite action is caused by a chemical reaction between the H 2 SO 4 and the graphite. During degradation, many blowing gases are generated and as an effect the volume of the graphite increases. Exfoliation and expansion along the c-axis of the graphite crystal transforms the lamellar structure of expandable graphite into a vermicular graphite structure [1, 34, 35] .
Conclusions
In this paper, the influence of the type of carbon filler on the thermal properties and flammability of rigid polyurethane foam was evaluated. It was found that both CNTs and graphite have a minor impact on the decomposition process during thermal degradation of polyurethane. The specific conclusions are the following:
1. Although there was no major increase in the thermal stability (T onset ) of the composites, a significant increase in E a value and the emission of volatile products indicating the initial stage of degradation occurred at a higher temperature. These changes are reflected in the higher LOI for the composites containing carbon fillers. No differences in the emitted volatile products during thermal degradation were detected. 2. The increase in LOI for composites with CNT is probably connected with the formation of a carbon layer on polymer surface. 3. The greatest increase in LOI is connected with the characteristic thermal reactions of graphite. The effect of the transformation of the graphite at temperatures [150°C is a significant change in volume and exfoliation to form a thermal barrier on the surface of the composite which provides enhanced resistance to heat and flame. 4. The use of carbon fillers has a minor impact on the degradation process in air. The degradation process involving the emission of volatile products in air began earliest and at the lowest temperatures for the composites containing graphite.
